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ABSTRACT
A new type of photovoltaic cell using lead iodide as
the photosensitive element and aluminum and silver as
electrodes was constructed and then tested for open
circuit voltage, monochromatic quantum yield of short
circuit current, and fill factor. A similar cell was
also fabricated using the familiar merocyanine dye M-8 as
the photosensitive element for use in a control
experiment. Minimal open circuit voltages of not more
than 26 mV were obtained for lead iodide while much
larger photovoltaic parameters were obtained for M-8.
The poor and impermanent performance of lead iodide
relative to the organic control suggests that lead iodide
is probably an inferior material for Schottky cells. At
best it will have to be deposited under strikingly
improved conditions not experimentally accessible in this
research.
iv
ACKNOWLEDGEMENTS
Successful completion of this thesis owes
recognition to support from many sources. Valuable and
timely assistance and advice was particularly appreciated
from the following:
Dr. George R. Bird of Rutgers University's Chemistry
Department who kindly consented to act as thesis
advisor and gave much of his time and encouragement
in its supervision;
Professor B. Lalevic of Rutgers University's
Electrical Engineering Department as well as the
other members of the department for their help and
advice;
Dr. Allan P. Piechowski of Rutgers University's
Chemistry Department;
Mr. Nick Rinaldis of Rutgers University's Chemistry
Department machine shop, who, with skill and
patience, built part of the apparatus;
Ms. Risa V. Greenberg for acting as assistant in the
actual experiment as well as her general help and
advice in the preparation of this thesis.
v
TABLE OF CONTENTS
I . INTRODUCTION 1
1 1 . EXPERIMENTAL 7
III. RESULTS 11
IV. DISCUSSION 14
V. CONCLUSION 17
VI . REFERENCES 18
VII. APPENDIX 19
VIII . VITA 32
vi
LIST OF TABLES
Table 1 11
Table 2 13
vn
LIST OF FIGURES
Figure 1 20
Figure 2 21
Figure 3 22
Figure 4 23
Figure 5 24
Figure 6 25
Figure 7 26
Figure 8 27
vm
INTRODUCTION
A photovoltaic device consists of semiconductor
material or materials contacted with two electrodes. Upon
absorption of energy greater than the band gap, the
semiconductor donates electrons to one electrode and holes
to the other. This directional delivery of charge is
facilitated by a net internal field which exists prior to
exposure. The following discussion will examine the
materials of which Schottky-barrier and p-n silicon cells
consist and how the use of these materials generates their
respective internal fields. Photovoltaics and the spectral
sensitization of silver halides will also be compared to
display the manner in which two similar processes produce
different results.
The type of photovoltaic cell to be built here is
1 2
known as a Schottky-barrier cell.
' A single
semiconductor layer is utilized in conjunction with two
dissimilar electrodes. A thin oxide layer is allowed to
form on top of one electrode, forming a boundary layer
between it and the semiconductor, which is subsequently
deposited atop the oxide layer. The oxide serves as a
3
rectifying barrier between metal electrode and
semiconductor. Depending upon the relative positions of
Fermi levels in the two materials, either electrons or
holes will flow into the metal electrode after contact has
been made with the semiconductor material and before
illumination. This process will continue until the Fermi
levels equilibrate. ' Upon exposure, electron-hole pairs
will spontaneously dissociate in the field which has been
generated through the equilibration of Fermi levels. The
internal field will also dictate the direction of flow of
electrons and holes in the cell and, with it, the sense of
the external current. In a Schottky cell, the internal
field tends to concentrate near the oxide barrier.
This type of arrangement is different than that of the
p-n silicon cell. This device contains both p-silicon and
n-silicon along with two metallic electrodes. P-silicon is
generally doped with either aluminum or boron, good
electron-trappers which will cause holes to predominate.
N-silicon is doped with phosphorus which is a shallow trap
and easily loses electrons. After contact, electrons flow
from n-silicon to p-silicon and the Fermi levels
equilibrate (electrons move from the material having a
higher Fermi level to the material having a lower Fermi
level). A net internal field is created near the center of
the cell between the two dissimilar silicon layers, and
upon exposure, electron-hole pairs will spontaneously
separate and travel to the electrodes. In either case,
Schottky cell or p-n silicon cell, semiconductor materials
with known valence and conduction bands are employed having
Fermi levels lying somewhere within the band gap and
moveable according to the dopants used (electron or hole
donors) .
The main difference between the generation of
photovoltaic current and the spectral sensitization of
silver halides is that, in the former, no net reaction is
produced, with both electrons and holes removed from the
semiconductor; in spectral sensitization electrons leave
the semiconductor phase and form metallic silver at the
latent-image site while holes appear at the surface and may
be liberated as halogen gas or scavenged by halogen
acceptors .
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Morel and others ' ' ' have designed photovoltaic
cells consisting of a dye layer in contact with
metallic-conducting layers of aluminum and silver on
opposite sides of the dye. An aluminum-oxide layer is
deliberately produced on the aluminum in order to protect
.thedye from attack by the reactive aluminum metal. The
oxide layer has a rectifying effect because it is so thin
that the electrons can tunnel directly through. The
"sandwich" type of arrangement is produced by vacuum
evaporation and deposition of successive layers on a glass
substrate.
Most of the teams working on candidate materials for
photovoltaic cells have been stymied by properties of two
of the three materials and sometimes all three. This is a
frustrating field because there are not that many materials
that can be used in these cells. With most of the
substances that have the right potential, other properties
exist that make them utterly unusable: they are too
reactive, will not coat uniformly, etc.. It is rather
difficult to come up with a new, workable combination.
This experiment was designed to determine whether it
is feasible to use lead iodide as the photosensitive
component of a photovoltaic cell. Lead iodide was chosen
for this purpose because it is an unconventional material
in photovoltaics and has favorable solid state
characteristics with respect to aluminum (figure one).
Since lead iodide is a p-type semiconductor, its Fermi
level lies close to its valence band, meaning it has a
lower work function than aluminum. Upon contact, electrons
flow from aluminum to lead iodide (or lead iodide injects
holes into aluminum) .
Two basic problems had to be investigated before cells
could be fashioned and measurements taken. First, lead
iodide had to sublime in a vacuum evaporator. Many
compounds decompose upon sublimation and typically leave
metal films. If the semiconductor phase of lead iodide
was not retained upon deposition, then it could not be used
as a photovoltaic element unless the composition could be
restored by vapor treatment. Proof of this could be
obtained by x-ray diffraction techniques or, more simply,
by noting any deviation from the compound's characteristic
yellow color (i.e. black would mean metallic lead had been
formed). Color is usually the more sensitive test. The
color test was satisfied, and lead iodide layers were
obtained (verified by x-ray diffraction powder pattern, p.
29) with thickness so uniform that the optical interference
pattern could be used to determine thickness (p. 30).
Next, if lead iodide sublimed and deposited properly,
the aluminum-oxide layer had to be sufficiently impervious
to prevent direct electrochemical reaction between the
aluminum and lead iodide. This reaction could be readily
detected by noting any discoloration after these materials
had been evaporated. Success using oxide-coated aluminum
7had been observed, so there seemed to be a reasonable
chance of constructing experimental photovoltaic cells.
Lead iodide is a bright-yellow material whose color
indicates a deep blue and U.V. absorption and sensitivity.
It was hoped that it might function as the photosensitive
layer in a blue-sensitive exposure meter for flash
exposures in copy or plate-making machines using materials
limited to that area of the electromagnetic spectrum.
A control experiment was performed in which a familiar
organic dye M-8 (a sequential production number used by
Morel in his research at Exxon Corporation, Linden, N.J. )
was used as the photosensitive component in a photovoltaic
cell. M-8 was the most dependable and versatile of the
dyes Morel had investigated, and cells in which it was
incorporated typically yielded open circuit voltages of 1 . 2
Photovoltaic devices containing lead iodide were
expected to yield comparable data to those constructed with
organic dye because both materials should function as
semiconductors and form Schottky-barriers in such cells
provided that the same apparatus was used for both.
II. EXPERIMENTAL
Photovoltaic cells containing lead iodide as the
photosensitive element were constructed utilizing a vacuum
evaporator (figure two). This consisted of a glass bell
jar, a mechanical pump and a diffusion pump. It did not
possess a thickness gauge, so there was no way of directly
determining the thickness of evaporated layers. It also
had only a thermocouple gauge insensitive in the region of
6
greatest interest. Diffusion pumps will usually give 10
mm Hg, and the optical interference pattern of the layers
can be used after evaporation to determine thickness. A
set of electrodes with a coiled tungsten basket between
them and a ceramic cup resting atop the basket served as a
means of holding and heating the various materials that
were evaporated (figure three).
An evaporation and deposition scheme illustrated in
figure four was used. The logic of this arrangement was to
begin with a uniform semitransparent and conductive
aluminum layer and then build a thin continuous
aluminum-oxide layer on top so that a uniform layer of lead
iodide could be deposited on top and then overcoated with
silver as the second electrode. Aluminum and silver were
used as electrode materials since they have favorable work
functions10
compared to the energy-band diagram of lead
iodide11
represented by figure one. Standard glass
microscopic slides were used as the substrates upon which
materials were deposited during evaporation. The slides
were cleaned with dichromic acid, rinsed exhaustively in
deionized water and degreased in refluxing benzene. Next,
each slide was mounted upon a metal stand above the
evaporation stages (electrodes, tungsten basket, ceramic
cup, evaporative material).
The first material to be evaporated was aluminum
(obtained from the Alpha Corporation, Beverly.- Mass.
[purity: 5-9's-5]). A metal comb was placed as a mask over
the slide. This produced separate finger-like deposits of
aluminum upon evaporation. A major advantage of this setup
was that it produced several active sites on each piece of
substrate, and the chances for obtaining at least one
measurable cell were increased. There was a greater
probability of avoiding pinholes (which can cause short
circuits) in at least one of the active cells.
The vacuum was then broken for one-half hour to allow
the aluminum-oxide layer to form on top of the aluminum.
The oxide-layer grows in thickness to about twenty
angstroms and then stops. This result is quite
This experiment was carried out during the
summer months in a room provided with air conditioning so
that interior temperature was held at about 7 0F with low
humidity. The lead iodide (obtained from Spex Corporation,
Metuchen, N.J. [purity: 5-9's]) and silver (obtained from
Alpha Corporation, Beverly, Mass. [purity: 5-9's]) were
then each evaporated in quick succession to complete the
cell. It is important that there be intimate contact
between the lead iodide and silver layers for the cell to
function, so the vacuum could not be broken between lead
iodide and silver evaporations. This presented a problem
because the evaporator did not have a moveable mask, and a
rotary joint had to be constructed with a mask attached to
its end (figure 5). The mask was necessary so that the
silver would not be evaporated directly on top of the
c
aluminum creating a short circuit.
While the moveable mask apparatus was being
constructed, an evaporation sequence was tried in which two
stages, one holding lead iodide and the other silver, were
aimed at different angles at the glass substrate through a
stationary mask. The reasoning behind this move was that
if the vacuum was hard enough, the materials would
evaporate overlapping one another (figure 6). However,
directional control of the materials could not be achieved
and the vacuum was deemed marginal (a qualitative
observation since there was no way to determine vacuum
strength) .
The evaporation technique for lead iodide photovoltaic
cells was also used for M-8 dye cells. All cells were then
tested for open circuit voltage and short circuit current
on the apparatus pictured in figure six.
The lead iodide and M-8 photovoltaic cells were
irradiated with an xenon arc source and readings were taken
10
with a Keithly multimeter (model no. 160) which doubled as
ammeter and voltmeter. The circuit was set up as shown in
figure seven. A decade resistance box was used in the
circuit and resistances were varied from infinity down to
one ohm. This produced a range of voltage/current readings
in between the short circuit current, where voltage is
zero, and the open circuit voltage, where current is equal
to zero. When placed on a graph these two points, the open
circuit voltage V and the short circuit current I3 oc sc
identify points on the fill factor curve. The fill factor
is the ratio between the actual photovoltaic work extracted
and the product I V , the limiting parameters for
photovoltaic output.
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III. RESULTS
Table 1 - Open Circuit Voltages for Pbl and M-8
(Readings taken immediately after evaporation)
Photosensitive Slide Element V (Volts)
Material # #
oc
Pbl2 1 1 0
2 ..005
3 ..005
4 j.005
5 j.005
6 ..005
2 1 0
2 .017
3 .026
4 .020
5 .014
6 ..005
7 0
8 0
9 0
3 1 0
2 0
3 0
4 -017
5 .011
6 0
7 0
8 0
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Photosensitive Slide Element Voc (Volts)
Material # #
M-8 1 0
2 .360
3 0
4 .300
5 .270
6 .220
7 .130
1 0
2 .230
3 .340
4 .326
5 .295
6 .194
7 .195
8 0
9 0
1 0
2 .049
3 .110
4 .150
5 .105
6 0
7 0
in literatureV s lower than those reported due to extreme
tnickness of cell layers.
Table 2 -v and I of M-8 photovoltaic cells
irradiated through interference filters
Element 1, Cell 1
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Wavelength transmitted
through filter in A
White
3400
3800
4200
4600
4800
5000
5200
5600
6200
6400
6600
V (Volts)
oc sc
.393 55.0
.047 1.9
.042 2.0
.050 2.5
.069 4.1
.075 4.5
.084 5.0
.074 4.1
.065 3.7
.034 1.4
.032 1.4
.029 1.4
Element 3, Cell 2
Wavelength transmitted
through filter in A
White
3400
3800
4200
4600
4800
5000
5200
5600
6200
6400
6600
V (Volts
oc
.340
.065
.049
.052
.077
.089
.099
.090
.092
.046
.042
.041
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IV. DISCUSSION
It is apparent from analyzing the data that no useful
positive results have been obtained for photovoltaic cells
containing lead iodide. The low open circuit voltage and
short circuit current readings taken do not appear to be
significant when compared to those obtained from M-8
photovoltaic cells made on the same apparatus and tested
under the same conditions. The M-8 readings are also low
compared to those reported by Morel but only by about 5 0%.
This is not to say that lead iodide is proved not
useable as the photosensitive element in photovoltaic
cells. Certain difficulties could be overcome in future
research. The lead iodide utilized was the purest
obtainable for this experiment (5-9's). Impurities would
act as traps for any mobile charge carrier, reducing
drastically any current that might have been generated.
There were also problems related to the evaporation
device being used. Better evaporators are available which
can pull harder vacuums because they contain nitrogen cold
traps as well as more powerful diffusion pumps and more
tightly sealed bell jar/table set-ups. There was also no
way to measure the thickness of the various layers while
they were being evaporated because of the lack of a
thickness gauge. This resulted in rough guesses from film
appearance being made as to how much material to use in
15
each evaporation sequence. After evaporation, some of the
lead iodide layers were measured for thickness by observing
the pattern of interference maxima and minima (calculation
on p. 30) .
It is also possible that any of the evaporants may
have been contaminated with grease or dust during
evaporation because of the lack of a hard enough vacuum.
There was only one evaporator in the Device Physics
Laboratory which was not committed to inorganic high purity
materials, so film production had to be confined to this
one rather, aged evaporator. It would have been more
beneficial to the experiment to have had the opportunity to
try other evaporators.
The cells did not retain their limited activity for
very long after evaporation. Many of the cells produced no
activity beyond the day of fabrication; however, no
superficial change in the appearance of the film was
observed. The lead iodide cells may have disintegrated
much faster than their M-8 counterparts, rendering them
almost useless while the M-8 cells still generated a
significant amount of electricity.
The most severe problem of all was that the
evaporation equipment provided was antiquated and prone to
vacuum leaks from time to time. In conformance with a
Device Physics Laboratory schedule, the evaporator was
dismantled immediately after these experiments were
conducted, making it impossible to fabricate any more
16
devices or to explore systematic improvement in evaporation
parameters.
The very limited performance of the Al/Al203/Pbl2/Ag
cell was underscored by the relatively routine performance
of cells differing only in the replacement of lead iodide
by the familiar photovoltaic dye M-8. The M-8 layers in
these cells were above optimal thickness, and the open
circuit voltages were lower than literature values;
however, unlike the lead iodide cells, the M-8 cells
performed and performed reproducibly- This result largely
rules out any failure in the preparation of the Al/Al20,
and Ag electrode surfaces and focuses suspicion on the
properties or the vacuum deposition techniques of the lead
iodide.
It is also possible that the lead iodide used may have
a high internal resistance or may be grossly inefficient at
dissociating charge carriers. This is demonstrated by the
fact that no current was observed for lead iodide
photovoltaic cells even when there was no resistance
introduced into the testing circuit. Internal impedence of
the Keithly multimeter was 109H, reasonable for a meter of
this type. The noise level observed when attempting to read
8
current was about one tenth of full scale(10 A) or 1 nA,
and if the current had been larger than two times noise a
current reading would have been observed.
17
CONCLUSION
A maximal open circuit voltage of 26 mV was obtained
when lead iodide was used as the photosensitive element in
fabricating photovoltaic cells with the apparatus used in
the experiment. Even this result decayed with time so that
the result was not characteristic of a useful cell.
Readings were taken immediately after evaporation but the
next day, when measurements were made, meter readings were
at zero.
If the testing electronics are located within the bell
jar; the sample irradiated with a xenon arc lamp; and
vacuum not broken from the time that the aluminum oxide is
formed until the cell is completely fabricated and tested;
then the result might have been more favorable. More
research needs to be done with a more sophisticated
evaporation apparatus and a purer substrate before it can
be said that lead iodide cannot function as a useful
photosensitive element in these cells.
18
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figure two
vacuum evaporation apparatus
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side
figure three
electrodes with tungsten basket
23
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view from
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figure four
vacuum evaporation and deposition scheme
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figure five
moveable mask apparatus
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Calculation of Thickness of Pbl Layer
Interference Maxima = 710 nm
(Taken from interference pattern
of Pbl 2 run on Cary 17
spectrophotometer )
568 nm
y = f requency =
7.1X10-J3 cm 5.68X10-^ cm
Y = 14,084 cm-1 17,605 cm-1
t =
2uA^
where u = refractive index
= 2.4 (estimate)
AH = 17,605 cm-1 -
14,084 cm-1
= 3521 cm-1
t =
(2) (2.4) (3521 cm-l)
t = 5.9 x 10-5 cm
assuming u = 2 . 4
From CRC Handbook of Chemistry & Physics, Chemical
Rubber Company, Cleveland Ohio:
Refractive index for rhombic PbCl2 = 2.1992, 2.2172,2.2596
(indices in three distinct directions)
so estimate for Pbl2 is taken from
the known indices of PbCl2 and
analogy to those of
AgCl (2.07)
and Agl (2.21, 2.22)
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C-50 Series ARC LAMP SOURCE,
POWER OUTPUT and LAMP DATA
The absolute output spectra reproduced here were run in the Oriel Calibra
tion Laboratory using spectral irradiance and thermopile standards traceable
to N.B.S. Standards. This data should be regarded as typical and sublet to
variation from lamp to lamp. The instrument bandwidth is 20 Angstroms.
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